The role of calcium-regulated kinases in lineage specific cardiac progenitor cells (CPCs) is unknown. Results: Nuclear calcium/calmodulin-dependent kinase II ␦B isoform (CaMKII␦B) is up-regulated during cardiac progenitor commitment, which facilitates survival and differentiation of CPCs. Conclusion: Augmentation of CaMKII␦B in CPCs enhances differentiation into the cardiomyogenic lineages. Significance: The ability of CaMKII␦B to enhance cardiomyogenesis maybe relevant for regenerative-based therapies. . 2 The abbreviations used are: CSC, cardiac stem cell; ␣-SMA, ␣-smooth muscle actin; CaMKII, calcium/calmodulin kinase II; CPC, cardiac progenitor cell; CPCe, cardiac progenitor cells overexpressing eGFP; CPCe␦B, cardiac progenitor cells overexpressing CaMKII␦B; cTNT, cardiac troponin T; Dex, dexamethasone; GATA4, GATA-binding protein 4; HDAC4, histone deacetylase 4; pHDAC4, phosphorylated histone deacetylase 4 on serine 632; MEF2, myocyte-specific enhancer factor 2; sh-Ctrl, small hairpin control lentivirus; sh-␦B, small hairpin targeting CaMKII␦B lentivirus.
Cardiac regeneration, homeostatic, or after acute myocardial damage, is in part supported by the migration of stem and progenitor cells from the bone marrow and endogenous cardiac niches (1, 2) . Stem cells with cardiomyogenic potential were identified based on expression of the receptor tyrosine kinase c-kit and termed as cardiac stem cells (CSCs) 2 present in early cardiac development and in the adult heart (3, 4) . Importantly, c-kit ϩ cells are up-regulated temporally after myocardial damage by undergoing proliferation and commitment toward the cardiomyogenic lineage confirmed by genetic lineage tracing (5, 6) . CSCs isolated and expanded ex vivo acquire cardiac specific transcription factors and are referred to as cardiac progenitor cells (CPCs) (7) . CPCs exhibit properties of self-renewal and multipotency and can give rise to cardiomyocytes, endothelial, and smooth muscle lineages in vitro (8) . The clinical relevancy of CPCs has been further validated by isolation of stem cells from human cardiac tissue used in the Stem Cell Infusion in Patients with Ischemic Cardiomyopathy (SCIPIO) Phase I clinical trial (9) . However, the intrinsic mechanisms involved in the regulation of CPC survival, proliferation and direct cardiomyogenic commitment have not been elucidated.
Calcium (Ca 2ϩ ) is an integral second messenger, regulating cellular processes such as cellular survival, proliferation, growth, and differentiation (10) . Increases in intracellular Ca 2ϩ bind to calmodulin, which then activates Ca 2ϩ /calmodulin-dependent serine/threonine kinase, a class of enzymes known as CaMKs (11) . CaMKII is the predominant enzyme expressed in cardiac tissue and can be activated with oxidative stress following cardiac injury (12) . Chronic up-regulation of the kinase results in cardiomyocyte hypertrophy leading to cardiac failure in mouse models (13, 14) . CaMKII␦, the main isoform expressed in the heart, is elevated in heart failure samples implicating CaMKII in the regulation of proper cardiomyocyte contractility (15, 16) . However, the distinct role of CaMKII and the main cardiac ␦ isoforms in resident CPCs has not been previously addressed.
CaMKII␦B and CaMKII␦C are the predominant splice variants described in the adult myocardium. CaMKII␦B localization remains differentiated from CaMKII␦C because of a nuclear-localized sequence. Yet CaMKII␦B expression is not exclusive to the nucleus as the CaMKII holoenzyme is formed by a majority of ␦ subunits (17, 18) . Nuclear CaMKII␦ (B isoform) regulates cellular growth through indirect de-repression of myocyte enhancer factor 2 (MEF2) after phosphorylation and inactivation of the histone deacetylase 4 (HDAC4) (18 -20) . Furthermore, CaMKII␦B has been shown to promote cellular protection by binding to the transcription factor GATA4 and indirectly inhibiting the expression of inflammatory genes (21) (22) (23) .
CaMKII␦B regulates vascular smooth muscle cell migration, proliferation, and growth suggesting kinase activity is not limited to cardiomyocytes (24, 25) . CaMKII is linked to the regulation of proliferation and differentiation of embryonic stem cells after inhibition of Class II HDACs (26) . CaMKII␦B phosphorylation of HDAC4 induces translocation to the cytosol, thereby relieving its inhibitory action and allowing transcription of genes involved in cell cycle arrest and lineage specific differentiation in a variety of stem cells (18 -20, 27-29) . Currently the use of HDAC inhibitors such as Trichostatin A and 5-aza cytidine are used to increase the efficiency of reprogramming and differentiation of stem cells, supporting the role of HDACs in maintaining pluripotency and proliferation (27) . Therefore, this study aims to characterize a CaMKII␦B-dependent mechanism of cardiac progenitor survival and cardiogenic commitment.
Experimental Procedures
Cardiac Progenitor Cell Isolation-Adult CPCs were isolated from 12-week-old FVB male mice as previously described (30) .
Induction of Differentiation-CPCs were cultured in full medium as previously described (30) and used as a control. Differentiation was induced by culturing CPCs in ␣-minimal essential media (␣-MEM) supplemented with 10% fetal bovine serum (FBS) with the addition of 10 nM dexamethasone (Dex) for 6 days. Treatment of CPCs with ␣-MEM/10% FBS without Dex was used as an additional control.
Lentiviral Constructs and Cell Transduction-Bicistronic lentiviral constructs were created to overexpress a HA-tagged CAMKII␦ gene under control of a myeloproliferative sarcoma virus LTR-negative control region deleted promoter and enhanced green fluorescence protein (eGFP) driven off a vIRES. The control lentivirus drives expression of eGFP alone. Trans-duction of CPCs with bicistronic lentiviruses expressing eGFP or HA-CaMKII␦B-eGFP was performed with a multiplicity of infection of 10. Cells were allowed 48 h to express eGFP (CPCe) or HA-CaMKII␦B-eGFP (CPCe␦B), then purified after fluorescence activated cell sorting (FACS) by placing one-cell per well of a 96-micro plate to allow for clonal expansion. Three CPCe and five CPCe␦B clones were derived. Silencing lentiviral constructs utilized the U6 promoter to drive expression of small hairpin targeted RNA. Two shRNAs were created, a scrambled control and sh toward CaMKII␦B. Both constructs had an inserted cytomegalovirus (CMV) eGFP cassette to fluorescently label transduced cells. Transduction with sh-scrambled control (sh-Ctrl) or sh to CaMKII␦B (sh-␦B) was performed with a MOI of 10 and allowed 48 h for knockdown before purifying eGFP-positive cells by FACS.
Evaluation of Cell Morphology-Images of cultured CPCs were obtained on a Leica DMIL microscope and outlines were traced using ImageJ software as previously described (31) .
Proliferation Assay and Cell Doubling Time-Cell proliferation was determined using the CyQuant Direct Cell Proliferation Assay (Life Technologies) according to the manufacturer's instruction. CPCs were plated at a density of 500 cells in 100 l of full growth medium per well of a 96-well flat bottom microplate. Assay was conducted on day of plating, day 2, day 4, and day 6 followed by the addition of 100 l of CyQUANT direct green fluorescent nucleic acid stain in each well and incubated for 60 min. Green fluorescence intensity was measured at 495 nm using a plate reader (Tecan) and represented as fold change to the fluorescence intensity measured on the day of plating (day 0). Subsequent measurements were determined at the indicated days. Population doubling times were calculated using the readings from CyQuant Direct Proliferation Assay and use of a population doubling time online calculator.
Cell Cycle Analysis-Cells were fixed in 70% ethanol and stored overnight at Ϫ20°C. Cell cycle distribution was analyzed by staining with propidium iodide (PI) plus RNase staining buffer (BD Biosciences) at 37°C for 15 min. Analysis was performed using BD FACSCanto and data processed by FlowJo software to determine relative distributions of cells in G1 and G2/M phases of the cell cycle.
MTT Assay-CPCe and CPCe␦B were subjected to a MTT colorimetric reducing assay, which analyzes (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), a yellow tetrazole being reduced to purple formazan in cells. This assay was used to determine metabolic activity between cell lines. In this assay 500 cells were plated per well in a 96-well flat bottom plate incubated with 10 l of 5 mg/ml MTT reagent for 4 h. Reaction was stopped with 100 l of diluted HCL for lysis overnight. The MTT assay was performed on the day of plating, 3 and 6 days after plating in CPC growth medium, ␣-MEM/10% FBS alone or ␣-MEM/10% FBS with Dex. Absorbance was read at 595 nm with a plate reader (Tecan).
Cell Death Assay-CPCs were plated in a 6-well dish (80,000 cells per well) and incubated in starvation medium (growth factor and FBS-depleted medium) for 18 h. The cells were then treated with either 40 or 80 M hydrogen peroxide for 4 h. Analysis of cell death was initiated by collecting cells in suspension and adherent cells and pelleting at 1600 rpm for 5 min. The pellet was then resuspended in Annexin V binding buffer and incubated with Annexin V (1:40) from BD Biosciences combined with 7-amino-actinomycin D (7-AAD) staining to label apoptotic and necrotic cells, respectively. Data were acquired on a FACS Canto (BD Biosciences) and analyzed with FACS Diva software (BD Biosciences). Cell death was quantitated by co-labeling of Annexin V and 7-AAD and represented as a fold change or percentage relative to cells in starvation medium alone.
Immunoblot Analyses-Protein lysates from whole hearts and cultured cells were prepared in sample buffer as previously described (31) . Protein lysates from homogenized tissue were incubated 1:1 with sample buffer. CPCs were either lysed directly with sample buffer or were fractionated into nuclear and cytosolic compartments according to manufacturer's protocol prior to incubating in sample buffer (PARIS Kit, Life Technologies). All protein samples for Western blot analysis were separated on a 4 -12% Bis-Tris mini-gel (Life Technologies) and transferred to a polyvinylidene difluoride membrane. Membranes were blocked for 1 h with 10% milk in TBST (1% Tris-buffered saline/0.1% Tween) and then probed with primary antibody overnight in milk. Next day blots were washed with TBST buffer and incubated in secondary antibodies in milk for 1.5 h. Primary antibodies for Western blot are as follows: rabbit anti-CaMKII␦ (1:15000; UC Davis, Dr. Donald Bers), mouse anti-HDAC4 (1:1,000; Cell Signaling #5392) rabbit anti-phospho-HDAC4 (Ser-632)/HDAC5 (Ser-661)/ HDAC7 (Ser-486) (1:1000; Cell Signaling #3424) goat anti-GFP (1:1000; Rockland 600-101-215), mouse anti-HA tag (1:200; Santa Cruz Biotechnology, Inc. sc-7392), mouse anti-p16 (1:200, Santa Cruz Biotechnology, Inc. F-9 and F-12 clones sc-55600, sc-1661), mouse anti-p53 (1:500, Abcam ab26), rabbit anti-␣-sarcomeric actinin (1:500; Abcam ab72592), mouse anti-␣-smooth muscle actin (1:1000; Sigma Aldrich a2547), rabbit anti-Tie2 (1:100; Santa Cruz Biotechnology Inc. sc-9026), mouse anti-mouse ␤-actin (1:500; Santa Cruz Biotechnology Inc sc-81178), rabbit anti-Mef2c (1:500; Cell Signaling #5030), rabbit anti-Cyclin B1 (1:500; Cell Signaling #12231), rabbit anti-Cyclin D1 (1:1000; Cell Signaling #2978), rabbit anti-phospho histone H3 (1:1000, Life Technologies 44 -1190G), mouse anti-GAPDH (1:3000; Millipore AB2302), and rabbit anti-Lamin A (C-terminal) (1:1000; Sigma Aldrich L1293).
Immunocytochemistry-CPCs were plated at a density of 15,000 per well of a two-chamber permanox slide. Cells were then fixed in 4% paraformaldehyde for 60 min then washed in phosphate-buffered saline (PBS). Cells were permeabilized in 0.1% Triton X in PBS for 2 min and washed twice with PBS. Cells were then blocked in 10% horse serum in PBS for 1 h and then incubated with primary antibody overnight. Next day, cells were washed in PBS and incubated with secondary antibody for 1.5 h. Cells were imaged on a Leica TCS SP2 confocal microscope. Primary antibodies are as follows: rabbit anti-CaMKII␦ (1:1500; UC Davis, Dr. Donald Bers) and rat-anti tubulin (1:50, Harlan).
Immunohistochemistry-Heart sections were deparaffinized, and antigens were retrieved in 1 mmol/liter citrate (pH 6.0), followed by a 1-h block in 1% Tris/NaC1 plus blocking reagent (Perkin Elmer) or TNB. Primary antibodies were incubated overnight. Slides were washed in 1% Tris/NaC1 (TN) followed by secondary antibody incubation for 2 h. Cells were washed after secondary antibodies in TN followed by a final wash containing DAPI (1:10,000 in TN for 10 min to stain for nuclei). Primary antibodies are as follows: goat anti-CD117 (c-kit) (1:100, R&D Systems), mouse anti-cardiac troponin T (1:100, Abcam). CD117 required tyramide amplification (Perkin Elmer).
In Situ Detection of CaMKII␦ in CPCs-c-kit cells were identified in paraffin heart sections after immunohistochemical staining and use of a Leica TCS SP8 confocal microscope. In the Leica software, a measuring tool was used to create a region of interest around the border of a c-kit ϩ cell and the nucleus separately. The mean fluorescence value was measured and used to represent the relative expression levels of CaMKII␦ in the whole cell and the nuclear compartment of c-kit ϩ cells. Mean fluorescence was normalized to area of interest.
RNA Extraction and Quantitative Real Time PCR-Reverse transcriptase was performed using protocol described for iScript cDNA Synthesis Kit (BIORAD). cDNA was diluted 1:100 in nuclease-free molecular grade water before performing qRT-PCR. cDNA was incubated with primers at 100 nM concentration. Real time PCR was performed using iQ SYBR Green (Bio-Rad) following the manufacturer's protocol. The fold change in gene expression was determined using the ddCt method. CaMKII␦B and CaMKII␦C forward and reverse primers were used as previously described (22) . Primer sequences are as follows: cardiac troponin t, forward 5Ј-ACCCTCAGGC-TCAGGTTCA-3Ј and reverse 5Ј-GTGTGCAGTCCCTGTT-CAGA-3Ј; ␣-smooth muscle actin mouse forward 5Ј-GTTCA-GTGGTGCCTCTGTCA-3Ј and reverse 5Ј-ACTGGGACGA-CATGGAAAAG-3Ј; Mef2c, forward 5Ј-CGGTGTCGTCAG-TTGTATGG-3Ј and reverse 5Ј-TGCAGTAGATATGCGG-CTTG-3Ј; Bcl-2, forward 5Ј-AGGAGCAGGTGCCTACA-AGA-3Ј and reverse 5Ј-GCATTTTCCCACCACTGTCT-3Ј; 18S forward 5Ј-CGAGCCGCCTGGATACC-3Ј and reverse 5Ј-CATGGCCTCAGTTCCGAAAA-3Ј.
Experimental Animals-The review board of the Institutional Animal Care and Use Committee at San Diego State University approved all animal protocols and studies.
Statistical Analysis-All data are expressed as mean Ϯ S.E. Statistical analyses were done using unpaired Student's t test, one way-ANOVA with Tukey post-tests or using two way ANOVA with Bonferroni post-tests using Graph Pad Prism v5.0. A value of p Ͻ 0.05 was considered statistically significant.
Results

CaMKII␦ Is Expressed in CPCs during Post-natal Growth and Is Up-regulated after Pathological Stress-To validate levels of
CaMKII␦ isoforms during different post-natal stages, immunoblot and immunohistochemical analysis was performed using whole heart lysates and heart tissue sections from mouse origin. CaMKII␦B protein expression is elevated in hearts from postnatal day 2 through 30 and decreases with progression into adulthood (Fig. 1, A and B) . CaMKII␦C protein levels steadily increase with hypertrophic growth maintaining protein expression in the adult mouse heart (Fig. 1, A and C) . Since both CaMKII␦B and CaMKII␦C are known to inhibit HDAC4 activ-ity by phosphorylation on the serine 632 (20) . We assessed total and phosphorylated HDAC4 in the developing heart. HDAC4 and phosphorylated HDAC4 on the serine 632 (pHDAC4) decrease with aging consistent with the role of HDAC4 to suppress growth in cardiomyocytes ( Fig. 1, D-G) . Normalized pHDAC4 to total HDAC4 is highest in the early post-natal heart (2-day-old heart) and decreases by 2-fold in the adult heart ( Fig. 1H ). These data show that increased phosphorylation of HDAC4 is critical during neonatal growth, which is followed by dephosphorylating in the post-mitotic heart (32) .
The increased presence of c-kit ϩ CPCs during post-natal growth coincides with a burst in cardiomyocyte proliferation and hypertrophic growth (33) . To determine if endogenous c-kit ϩ CPCs express CaMKII␦ isoforms in vivo, CPCs were colabeled with a pan CaMKII␦ antibody. CaMKII␦ protein is detected in cardiomyocytes during an early postnatal day heart ( Fig. 1I ) and is down regulated in a 30-day-old heart based on immunohistochemical analysis (Fig. 1J ). At the same post-natal time points, CaMKII␦ protein was detected in c-kit labeled CPCs at low levels (Fig. 1, I and J) . CPCs up regulate both cytoplasmic and nuclear CaMKII␦B 7 days after myocardial infarction (MI) relative to c-kit cells discovered in 3-month-old sham surgery controls (Fig. 1, K-M) . Overall, differential localization and expression of CaMKII␦ in CPCs in vivo suggests relevance of this kinase in stem cells after pathological stress and possibly during early commitment.
CaMKII␦B Localizes to the Nucleus and Inhibits HDAC4 in CPCs Undergoing Cardiogenic Commitment-To investigate CaMKII␦ expression and localization in CPCs during basal and differentiation conditions, CPCs were isolated from the adult myocardium based on established protocols (33) . CPC commitment is characterized by decreased proliferation and increased cellular size, concomitant with expression of proteins of the cardiomyogenic lineage following Dex treatment (34) . Relative OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42 to basal levels, CaMKII␦B mRNA levels are up-regulated in CPCs treated with Dex ( Fig. 2A) , whereas CaMKII␦C mRNA levels remain unchanged when comparing cells treated without and with Dex ( Fig. 2B ). Following stimulation with Dex, CPCs have increases in both CaMKII␦ isoforms in whole cell lysates visualized after immunoblotting (Fig. 2, C and D) primarily localized in the cytosol of CPCs during regular growth medium conditions ( Fig. 2E) , and is up-regulated after differentiation along with a marked presence of CaMKII␦B in the nucleus of CPCs confirmed by immunocytochemistry ( Fig.  2C, 2D, and 2F ). Furthermore, fractionated CPCs were analyzed for CaMKII␦ in the cytoplasmic and nuclear compartments of the cells, confirming that CaMKII␦B localizes in the nucleus during commitment of CPCs (Fig. 2, G-I) .
Nuclear CaMKII Signaling in Cardiac Progenitor Cells
CaMKII␦B-dependent regulation of HDAC4 has been previously reported (19, 20) ; therefore, we attempted to investigate if this also occurs in our isolated CPCs. Inactivated HDAC4 (pHDAC4) protein trended toward an increase in the cytoplasmic fraction of CPCs treated with differentiation medium (Fig.  3, C and D) , indicating a correlative role during differentiation to increase CaMKII␦B in the nucleus and de-repress genes necessary for growth and differentiation. However, total HDAC levels were not significantly changed in CPCs without and with Dex treatment (Fig. 3, A and B) . To validate that HDAC4 is a target of CaMKII␦ in CPCs, we used a lentivirus to overexpress CaMKII␦B (CPCe␦B) confirmed by protein analysis to detect CaMKII␦, the HA tag and green fluorescent protein (GFP) (Fig.  3, E and F) . CPCs expressing GFP alone was used as a control (CPCe) (Fig. 3, E and F) . Although total HDAC4 levels were unchanged in CPCe relative to CPCe␦B (Fig. 3, G and H) , CPCe␦B have increased cytosolic pHDAC4 relative to CPCe, correlating with a decreased level of pHDAC4 in the nuclear compartment (Fig. 3, I and J) . These results suggest that CaMKII␦B overexpression inactivates HDAC4.
Nuclear CaMKII␦ Overexpression in CPCs Promotes Increases in Cellular Size and Decreased Proliferation-Overexpression of CaMKII␦B in CPCs presented phenotypic characteristics that are relevant to increased cardiomyogenic differentiation (35) . In support of this, CPCe␦B show decreased proliferative potential ( Fig. 4A) and increased cell doubling time (Fig. 4B ) compared with CPCe. CPCe␦B are less present in the G2/M phase of the cell cycle compared with CPCe ( Fig. 4C) . Interestingly, CPCe␦B have increased cellular size based on measurement of cell surface area ( Fig. 4F ) and cell length to width ratio ( Fig. 4G ) during basal growth conditions relative to CPCe (Fig. 4, D-G) . Cellular senescence was not evident in CPCe␦B based on p53 or p16 protein levels (Fig. 4, H-J) . Therefore, the decreased proliferative rate and larger cell morphology exhibited by CPCe␦B is not due to increased senescence or irreversible cell cycle arrest.
CaMKII␦B Overexpression in CPCs Enhances Expression of Pro-survival and Cardiac Lineage Commitment Markers and Down-regulates Proteins Involved in Mitotic Progression-
Overexpression of CaMKII␦B in CPCs was additionally confirmed by qRT-PCR, whereas the levels of CaMKII␦B are highly expressed during growth conditions and remained stable after the addition of Dex (Fig. 5A ). CaMKII␦B overexpression did not induce CaMKII␦C during growth conditions, but was marginally increased with addition of Dex (Fig. 5B ). CPCe␦B express higher levels of Bcl-2 mRNA before and after the addition of a differentiation stimulus (Fig. 5C ), supporting the role of CaMKII␦B in pro-survival signaling in CPCs. Next, we wanted to associate downstream molecules related to decreased proliferation in CPCe␦B. Cell cycle regulator cyclin B1, a protein involved in mitotic progression, was significantly down regulated in CPCe␦B (Fig. 5, D and E) . Cyclin D and phosphohistone H3, a marker of the G1 phase of the cell cycle and mitosis, respectively, were unchanged in CPCe␦B compared with CPCe ( Fig. 5, F-H) . Mef2c cardiac transcription factor expression in CPCs supports progression of myocyte progenitor precursor cells in to cells of the cardiomyogenic lineage (36) . Additionally, CaMKII␦B overexpression is known to enhance the up-regulation of Mef2c to promote growth and maturation of cardiomyocytes (18) . As expected, Mef2c gene expression in CPCe␦B was increased and is consistent with elevated protein expression during basal cell culture conditions compared with CPCe ( Fig. 5, I-M) . Mechanistically, CaMKII␦B expression promotes cell survival and cardiac lineage commitment through the up-regulation of Bcl-2 and Mef2c. Furthermore, CaMKII␦B down-regulates cyclins that are associated with mitotic division leading to a slower growth rate.
CaMKII␦B Overexpression in CPCs Increases Cell Commitment Toward the Cardiomyogenic Lineage-CPCe␦B treated with Dex for 6 days shows a strong up-regulation of cardiac and smooth muscle markers such as cardiac troponin T (tnnt3, cTNT) and ␣-smooth muscle actin (␣-SMA) based on mRNA levels (Fig. 6, A and B) . Consistent with increased differentiation phenotype, CPCe␦B have elevated metabolic activity during growth conditions and during differentiation, where CPCe has increased metabolic activity only with the addition of Dex (Fig. 6C ). Furthermore, cardiac protein marker ␣-sarcomeric actinin was up-regulated in Dex treated CPCe␦B (Fig. 6, D and E) . CPCe␦B commitment to the vascular endothelial and smooth muscle differentiation is increased relative to CPCe based on immunoblot analysis of endothelial marker Tie2 (Fig. 6, F and G) and smooth muscle marker ␣-SMA (Fig. 6, F and H) . These data indicate that CaMKII␦B can drive the differentiation of CPCs and enhance the transition to mature cells of the cardiac, endothelial, and smooth muscle lineages. OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42
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CaMKII␦B Expression in CPCs Antagonizes Apoptotic Cell Death after Oxidative Stress Stimuli-Expression of CaMKII␦B prevents apoptosis in cardiomyocytes following doxorubicin or hydrogen peroxide (H 2 O 2 ) stimulation (21, 22) . Overexpression of CaMKII␦B in CPCs similarly improves survival after 40 M and 80 M H 2 O 2 induced death compared with CPCe ( Fig.  7, A-C) . To establish a pro-survival role of CaMKII␦B in CPCs, a small hairpin RNA to CaMKII␦B (sh-␦B) was used to decrease the expression of the kinase before stimulation with oxidative stress (Fig. 7D) . CPCs with reduced levels of CaMKII␦B had increased susceptibility to cell death at increasing concentrations of H 2 O 2 (Fig. 7, E-F) . Collectively, CaMKII␦B plays an integral role in early commitment of CPCs while enhancing cell survival during oxidative stress.
Knockdown of CaMKII␦B Does Not Impair Commitment of CPCs Toward the Cardiac or Smooth Muscle Phenotype-Next
we determined if silencing of CaMKII␦B impacts CPC ability to undergo cardiac lineage commitment. Overall, CaMKII␦B knockdown did not result in any significant differences in Mef2c, cTNT or ␣-SMA gene expression patterns compared with CPC sh-Ctrl (Fig. 8, A-C) . Furthermore, Mef2c and ␣-SMA protein levels were unaltered in CPC sh-␦B based on fluorescent microscopy and immunoblotting (Fig. 8, D-G) .
These data suggest that CaMKII␦B is not required for cardiacspecific lineage commitment of CPCs.
Knockdown of CaMKII␦B in CPCs Prevents the Up-regulation of Pro-apoptotic Molecules and Promotes Properties of Cellular
Senescence-Lentiviral-mediated knockdown of CaMKII␦B was further confirmed by qRT-PCR in CPCs subjected to growth conditions (Fig. 9A ). Furthermore, Dex induced up-regulation of CaMKII␦B was blunted in CPC sh-␦B confirming the effectiveness of our knockdown strategy (Fig. 9A ). As expected, CPC sh-Ctrl increased CaMKII␦B after Dex treatment (Fig.  9A ). CaMKII␦C was not significantly increased after knockdown of CaMKII␦B, however there was an observed increased trend of CaMKII␦C in CPCs treated with sh-␦B compared with controls ( Fig. 9B ). Bcl-2 gene expression was induced after Dex treatment in CPC sh-Ctrl but this effect was abrogated after silencing of CaMKII␦B (Fig. 9C ). Proliferation was not significantly different between CPC sh-␦B and CPC sh-Ctrl (Fig. 9, D  and E) . In contrast to the overexpression of CaMKII␦B, sh-␦Btreated cells were increasingly in the G2/M phase of the cell cycle ( Fig. 9, F-H) . Length to width ratio (spindle shaped morphology) was similarly observed between the two groups (9I, 9J, and 9L). However, CPC sh-␦B displayed an increased cellular size as evidenced by fluorescence microscopy and cell surface area quantitation ( Fig. 9, I, J, and K) . Knockdown of CaMKII␦B did not appear to significantly affect the phosphorylated status of HDAC4 ( Fig. 9, M and N) . Since cell proliferation was unchanged yet the percentage of G2/M cells was increased in CPC sh-␦B, we assessed for markers of cellular senescence after silencing of CaMKII␦B. Indeed, p16 was up-regulated in CPCs sh-␦B ( Fig. 9, M and O) suggesting that the increased presence of CPC sh-␦B in the mitotic phase of the cell cycle maybe due to increased cell cycle arrest.
Discussion
There is debate as to the stem cell type that is needed to treat myocardial damage. CPCs, although limited, have been validated as a cell type to treat heart disease due to their cardiomyogenic potential (6, 9) . In this study, we present a canonical calcium-signaling cascade implicated in growth and survival of CPCs by CaMKII. CaMKII␦ isoforms are studied in the context of maladaptive hypertrophy in transgenic mice (13) . However, recent studies have implicated CaMKII␦B to reduce expression of inflammatory factors in a global CaMKII␦ knock-out model, indicating a protective role of the ␦B kinase in the cardiac context after pathological damage (23) . Until now, it remained unknown whether CaMKII␦ isoforms are present in resident CPCs although expression is reported in smooth muscle cells in the heart (24, 25) . Our study is the first to identify nuclear translocation of the CaMKII␦B isoform during lineage commitment of CPCs ( Fig. 1 and 2) . Furthermore, overexpression of CaMKII␦ supports distinct morphological changes and increases differentiation accompanied by decreased cell cycle progression ( Figs. 3 and 4 ). Consistent with cardiomyocyte data, CaMKII␦B confers survival in CPCs, which is abrogated when ␦B expression is reduced and subjected to oxidative stress stimuli ( Fig. 6 ). Collectively, this data supports the ability of CPCs to acquire growth and differentiation phenotypes regulated by CaMKII␦ signaling to the nucleus.
Currently, there is interest in identifying proteins and signaling cascades in CPCs related to mature cardiomyocytes. During basal conditions, CPCs express the ␤2-adrenergic receptor (␤2-AR) regulating stem cell proliferation but acquire the mature ␤1-AR after co-culture with cardiomyocytes (36) . Ca 2ϩ in fetal CSCs supports cellular growth, proliferation and commitment (37) . Inositol-1,4,5-triphosphate (IP3) receptors on the sarcoplasmic reticulum induce spontaneous Ca 2ϩ oscillations in mouse and human CPCs (37, 38) . CPCs are validated to not OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42 only express IP3 receptors, but also purinergic G protein-coupled receptors (P2Y) and SERCA2, which are functionally stimulated and activated after introduction of Ca 2ϩ and/or ATP (38, 39) . Furthermore, IP3 receptors promote an influx of Ca 2ϩ in the nucleus activating CaMKII/MEF2 and cellular growth (40) . In Fig. 1 , expression levels of CaMKII␦ are increased and localized to the nucleus during acute stress, indicating that a shortterm stimulus is sufficient to prime cardiac commitment of stem cells. This was further validated in isolated CPCs, as our differentiation protocol induced nuclear accumulation of CaMKII␦B (Fig. 2) , correlating with inactivated p-HDAC4 in the cytosolic fraction (Fig. 3) . These studies suggest that the transitory fate of CPCs during cell division and differentiation can be defined by a complex interplay of calcium-regulated molecules prior to acquiring cardiomyogenic fate.
Nuclear CaMKII Signaling in Cardiac Progenitor Cells
CPCs under genetic modification with mature cardiomyocyte genes increase our knowledge as to the potential of stem cells to promote cardiac repair after adoptive transfer in the heart. CPCs express Ca 2ϩ receptors and pumps, however, expression of the Ryanodine receptors and ␤1-AR are not present in CPCs indicating that these cells hold a primitive molecular cardiac signature (39) . Related to our study, CPCs transfected with a siRNA targeting HDAC4, and therefore inhibiting the repression of growth genes, increased differentiation of CPCs in vivo supporting myocardial regeneration (29) . In cardiomyocytes, HDAC4 and HDAC5 form a complex to inhibit Cells were maintained in GM. Cells were stained with antibodies toward GFP to identify cells that were successfully transduced with the sh-based lentivirus. Cell morphology and nuclei were visualized by staining for tubulin and with DAPI, respectively. F, immunoblotting for ␣-smooth muscle actin in CPC sh-Ctrl and CPC sh-␦B in GM, medium without dex, or medium with dex. G, quantitation of ␣-smooth muscle actin represented as a fold change relative to CPC sh-Ctrl in GM and after normalizing to GAPDH. MEF2 and serum response factor elements (18, 19) . Inactivation of Class IIa HDACs by CaMKII and protein kinase D promotes shuttling of HDAC4 from the nuclear compartment by the chaperone 14-3-3 (28, 42) . Our data show a decrease of nuclear p-HDAC4 in our non-modified CPCs (Fig. 3) . Conversely, p-HDAC was increased in the cytosol of Dex treated CPCs or CPCe␦B (Fig. 3) . However, the results were modest indicating that additional factors affect the kinase activity of CaMKII and/or inhibition of Class IIa HDACs. In contrast, HDAC inhibition, including inhibition of Class I HDACs, has been shown to decrease the proliferative and differentiation potential of mesenchymal stem cells indicating that HDACs are essential for maintenance of proper stem cell function (43) .
We evaluated whether overexpression of CaMKII␦B can enhance the therapeutic potential of CPCs. Here a lentiviral protocol was employed and characteristics such as increased cellular size and decreased proliferation were immediately apparent after overexpression of CaMKII␦B (Fig. 4) . To delineate a CaMKII␦B-dependent role to enhance stem cell survival relative to the CaMKII␦C isoform, we subjected CPCs to oxidative stress and observed a decrease in late apoptotic cells (6-fold reduction) relative to control CPCs (Fig. 7) . Anti-apoptotic molecule Bcl-2 is highly up-regulated in CPCe␦B (6-fold) ( Fig. 5) , which has been shown to facilitate survival of cardiomyocytes as CaMKII␦B facilitates GATA4 binding to the Bcl-2 promoter (22) . Silencing of CaMKII␦B increases CPC susceptibility to apoptosis (Fig. 7) , although Bcl-2 levels were similar to controls ( Fig. 9 ). Interestingly, CaMKII␦C mRNA was fairly increased in CPC sh-␦B a factor that may promote cell death during oxidative stress (Fig. 9 ). The nuclear localization sequence in CaMKII␦B allows for unique influence on nuclear signaling such as proliferation, survival, and growth compared with the ␦C isoform (44) . Cardiomyocyte apoptosis and sensitivity to stress stimuli is increased in cardiomyocytes with elevated cytosolic CaMKII␦ due to the deregulation of calcium signaling (45) . Our data, and in accordance with the literature, confirms that CaMKII␦B is essential in CPC survival possibly through increased Bcl-2 (22) .
Differentiation of CPCs is profiled by a series of morphological and molecular features including increases in cellular size, slowed proliferation and up-regulation of markers consistent with mature cell types (34) . CaMKII␦B expression in CPCs resulted in decreased cyclin B1, a mitotic regulator that is down regulated in differentiated cells ( Fig. 5) (46) . These data are consistent with decreased proliferation and reduced presence of cells in the G2/M phase of the cell cycle in CPCe␦B (Fig. 4) . In contrast to our overexpression strategy, transduction with sh-␦B did not change the proliferative rate of CPCs relative to controls. Rather, silencing promoted the accumulation of cells in the G2/M phase of the cell cycle ( Fig. 9 ). In addition to the unique cell cycle status of CPC sh-␦B, cells exhibited increased cell size (Fig. 9) . In fact the knockdown of CaMKII␦B significantly increased p16 expression indicative of mitotic arrest induced senescence. Additionally, G2/M arrest is associated with increased cell death consistent with the observed phenotype of CPCs after silencing of CaMKII␦B (47) .
Mef2c, is a calcium-dependent transcription factor and regulator of cardiac muscle differentiation and development (48, 49) . Additionally, transfection of non-myocytes with Mef2c and GATA4 enhances expression of mature cardiac genes (41) . We observed a marked increase in nuclear Mef2c in CPCe␦B, which supports the up-regulation of mature cardiac and smooth muscle markers ␣-sarcomeric actinin, cTNT and ␣-SMA observed in Fig. 6 . Differentiation was not significantly altered relative to control cells after transfection of CPCs with shRNA to CaMKII␦B (Fig. 8 ). This indicates that CaMKII␦B is not required for growth and commitment of CPCs, and it is possible that there are alternative compensatory mechanisms that sustain CPC self-renewal capabilities in the absence of CaMKII␦B. In particular the knockdown studies brings interests to the differential impact of silencing and/or overexpressing specific ␦ isoforms as they each play diverse roles in the entire cell. Currently, identification of calcium-associated proteins brings validation to CPC origin and potency status and supports the potential of CPCs as a cardiac regenerative population.
